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Abstract

The Achilles tendon (AT) moment arm transforms triceps surae muscle forces into a moment
about the ankle which is critical for functional activities like walking. Moreover, the AT moment
arm changes continuously during walking, as it depends on both ankle joint rotation and triceps
surae muscle loading (presumably due to bulging of the muscle belly). Here, we posit that aging
negatively effects the architecturally complex AT moment arm during walking, which thereby
contributes to well-documented reductions in ankle moment generation during push-off. We used
motion capture-guided ultrasound imaging to quantify instantaneous variations in the AT moment
arms of young (23.9+4.3 years) and older (69.9+2.6 years) adults during walking, their
dependence on triceps surae muscle loading, and their association with ankle moment generation
during push-off. Older adults walked with 11% smaller AT moment arms and 11% smaller peak
ankle moments during push-off than young adults. Moreover, as hypothesized, these unfavourable
changes were significantly and positively correlated (r?=0.38, p<0.01). More surprisingly, aging
attenuated load-dependent increases in AT moment arm (i.e., that between heel-strike and push-off
at the same ankle angle); only young adults exhibited a significant increase in their AT moment
arm due to triceps surae muscle-loading. Age-associated reductions in triceps surae volume or
activation, and thus muscle bulging during force generation, may compromise the mechanical
advantage of the AT during the critical push-off phase of walking in older adults. Thus, strategies
to restore and/or improve locomotor performance in our aging population should consider these
functionally important changes in musculoskeletal behavior.
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Introduction

Reduced walking performance in old age, exemplified by shorter steps and slowed preferred
speed, negatively effects health and independence (Studenski et al., 2011). While the
mechanisms responsible for these changes are poorly understood, compromised
plantarflexor (i.e., ankle extensor) moment generation during push-off appears to play an
important role (Franz, 2016; Judge et al., 1996; Kerrigan et al., 1998; McGibbon, 2003;
Winter et al., 1990). The Achilles tendon (AT) moment arm, the distance from the tendon’s
line of action to the ankle joint center, transforms triceps surae (i.e., gastrocnemius and
soleus) muscle contractile forces into a moment about the ankle, for example during
functional activities like walking. Using motion capture-guided ultrasound imaging
techniques, we (Rasske et al., 2017) recently discovered that the AT moment arm changes
continuously during walking, potentially reflecting the combined effects of kinematic (i.e.,
joint angle) and kinetic (i.e., muscle loading) factors - the latter presumably an indirect
effect of bulging during force generation (Arellano et al., 2016; Azizi et al., 2009). However,
although functionally relevant, aging effects on these characteristics of the architecturally
complex AT moment arm during walking have yet to be systematically explored.

Historically, in vivo measurements of the AT moment arm have been made during isolated
ankle exercises and then assumed to apply to more dynamic activities such as walking (Fath
etal., 2010, 2013; Hashizume et al., 2014; Leardini and O'Connor, 2002; Lee and Piazza,
2012; Maganaris, 2004; Manal et al., 2010; Olszewski et al., 2015). The convention
established by many of these studies, and which has been widely adopted, is that the AT
moment arm varies strictly as a function of ankle joint angle. This convention has broad
implications; for example, current musculoskeletal modeling approaches use muscle-tendon
geometry descriptions that vary based solely on joint kinematics (Arnold et al., 2010). Yet
some studies have shown that the relation between AT moment arm and ankle joint rotation
also exhibits a load dependence, varying significantly from rest with increasing muscle
activity (Fath et al., 2013; Hashizume et al., 2014; Maganaris, 2004; Olszewski et al., 2015).

We recently discovered that load dependence in the AT moment arm may be functionally
important; using a novel motion capture-guided ultrasound imaging technique designed to
estimate the instantaneous AT moment arm during walking, we found evidence suggesting
that muscle loading during push-off amplified the AT moment arm of young adults by 10%
independent of ankle joint angle (Rasske et al., 2017). We suspect that muscle bulging
during force generation systematically alters the AT line of action and thus its moment arm
during walking. Indeed, Maganaris et al. (1998) reported that triceps surae muscle thickness
(i.e., the distance between superficial and deep gastrocnemius and soleus aponeuroses)
increases by as much as 47% during a plantarflexor maximum voluntary isometric
contraction compared to rest (Maganaris et al., 1998). More specifically, it is anatomically
plausible that bulging of the soleus under the gastrocnemius may have a larger effect on the
AT line of action than bulging of the gastrocnemius itself, and Maganaris et al. (1998) report
significant soleus thickening during force generation. Nevertheless, conceptually, for a given
net muscle force generated during walking, load-dependent enhancement of the AT moment
arm may subsequently enhance moment generation during push-off. Therefore, measuring
aging effects on the AT moment arm during walking could provide direct insight into at least
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one mechanism underlying well-documented reductions in plantarflexor moment generation
in old age.

There are several reasons to suspect that aging decreases the AT moment arm and that these
changes may be functionally meaningful. Most obvious, indirect evidence from the upper
extremity implies that moment arms may decrease due to age-related reductions in muscle
size via changes in the tendon line of action (Sugisaki et al., 2010). Cross-sectional
comparisons of the triceps surae between young and older adults have revealed about a 20%
decrease in muscle volume due to aging (Csapo et al., 2014). Additionally, Kim et al. (2011)
found a proximal migration of the insertion of the AT onto the calcaneus with advancing
age, which may influence its moment arm (Kim et al., 2011). Moreover, these changes may
be functionally relevant; Lee and Piazza (2012) reported that smaller AT moment arms
estimated during isolated ankle rotations correlated with slower walking speeds in some
older adults (Lee and Piazza, 2012).

Therefore, our purpose was to estimate the instantaneous Achilles tendon moment arm in
young and older adults during walking and to determine its relation to the peak moment
generated by the plantarflexor muscles during push-off. We hypothesized that: (/) older
adults would exhibit smaller AT moment arms than young adults during walking, and that
(7)) the AT moment arm in walking would correlate with peak plantarflexor moment during
push-off.

Nine healthy young adults (age: 23.9 + 4.3 years; height: 1.76 + 0.15 m, mass: 70.3 + 12.0
kg) and eight healthy older adults (age: 69.9 + 2.6 years; height: 1.60 + 0.11 m, mass: 64.7
+ 10.2 kg) participated in this study. Subjects provided written informed consent per the
University of Wisconsin Health Sciences Institutional Review Board and completed a health
questionnaire to assess the following exclusion criteria: BMI=30, sedentary lifestyle, first
degree family history of coronary artery disease, cigarette smoking, high blood pressure,
high cholesterol, diabetes, orthopedic or neurological condition, taking medication that
causes dizziness, or any unanticipated falls in the prior six months. Young adult data
presented here were reanalyzed from a subset of previously published results. In this
process, we excluded one young adult subject due to corrupted ground reaction force data.

Experimental protocol and measurements

Prior to all testing, subjects walked for 6 min on a dual-belt, force measuring treadmill
(Bertec, Columbus, OH) at 1.25 m/s to precondition their Achilles tendon (Hawkins et al.,
2009) and allow their movement patterns to stabilize. Subjects then completed a 2 min
walking trial at 1.25 m/s, during which we recorded bilateral ground reaction forces (GRF)
at 2000 Hz. A custom orthotic positioned a 38 mm linear array transducer over the free AT
(i.e. calcaneal insertion to soleus muscle-tendon junction) of subjects’ right leg, on average ~
cm superior to the calcaneal insertion (L14-5W/38, Ultrasonix, Richmond, BC) (Fig. 1). For
each subject, we recorded ultrasound radiofrequency data from a longitudinal cross-section
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of the tendon at 77 frames/s over five strides. In synchrony, an 8-camera motion capture
system (Motion Analysis, Corp., Santa Rosa, CA) operating at 200 Hz recorded the 3D
trajectories of 17 anatomical markers and 14 tracking markers affixed via rigid clusters
placed on subjects’ pelvis and right and left legs. An additional 3 markers defined the
instantaneous position and orientation of the ultrasound orthotic.

Data analysis

Using previously published procedures (Rasske et al., 2017), we manually tracked the
superficial and deep edges of the AT at three locations (proximal, middle, and distal) using
B-mode images created from the RF data (0.297 mm x 0.019 mm pixels). Specifically, we
identified three points each on the superficial and deep edges of the tendon, each separated
by 10 mm along the length of the imaged tendon. We then defined the AT midline as the best
fit line through points corresponding to the average of the superficial and deep edges at each
location.

We filtered the marker trajectories and GRF data using 4! order low-pass Butterworth filters
with a cut-off frequency of 6 Hz and 100 Hz, respectively. For each subject, we scaled a 7-
segment, 18 degree-of-freedom model (Arnold et al., 2010) of the pelvis and legs to a
standing calibration in which we identified functional spherical hip joint centers using leg
circumduction tasks (Piazza et al., 2001). We then performed inverse kinematics and
dynamics analyses using SIMM Dynamics Pipeline (Musculographics, Santa Rosa, CA) and
SD/FAST (Parametric Technology, Waltham, MA) as described in detail by Silder et al.
(Silder et al., 2008). Briefly, a global optimization inverse kinematics routine calculated
pelvis and leg joint kinematics by minimizing the weighted sum of squared differences
between measured and modelled marker positions. We derived subjects’ net ankle moment
via inverse dynamics based on model kinematics, anthropometrics, and GRF measurements.
We then estimated subject’s peak ankle extensor moment generation during push-off from
the average of 25 consecutive strides. Finally, ankle joint moments were normalized to
subject’s body mass.

In a pre-calibration session prior to human subjects testing, we used previously established
techniques (Franz et al., 2015; Franz and Thelen, 2015; Rasske et al., 2017) and an
instrumented wand to digitize three points on the face of the transducer and used those three
points to establish a “probe-centered” coordinate system and the transformation between this
coordinate system and that defined by reference markers placed on the custom orthotic
securing the transducer (Fig. 1). This pre-calibration session established the coordinate
transformation between the ultrasound images and the three markers defining the position
and orientation of the ultrasound orthotic for use during walking trials. Subsequent to this
pre-calibration, those reference markers were never removed from the orthotic over the
course of the study and remained identical for young and older subjects. Finally. by
transforming the ultrasound, orthotic, and motion capture kinematics into a common
reference frame, we estimated the instantaneous AT moment arm over the gait cycle as the
perpendicular distance from AT midline to the ankle joint center (Fig. 1) (Rasske et al.,
2017). We defined the right ankle “joint center” during walking as the instantaneous
transmalleolar midpoint. In our prior work, a Monte Carlo simulation assessed the sensitivity
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of these AT moment arm estimates to errors in identifying the tendon edges and found
relatively small deviation (i.e. 1.6%) (Rasske et al., 2017).

Statistical analysis

Results

First, we assessed whether older adults exhibited smaller moment arms during walking using
a mixed, two-way factorial analysis of variance (ANOVA) to test for significant main effects
of and interactions between age (between subject factor, old vs. young) and gait cycle phase
(within subject effect, 20% bins) on estimates of the AT moment arm. Second, we more
specifically tested for aging effects on load-dependence of the AT moment arm independent
of ankle joint rotation as follows. We extracted for each subject the AT moment arm (i) at
heel-strike, an instant of relatively negligible load on the Achilles tendon, and (ii) at the
instant the ankle passed through the same ankle angle during push-off Here, a second mixed,
two-way factorial ANOVA tested for main effects of and interactions between age and
muscle loading. For main effects and interaction terms from each ANOVA, we used an alpha
level of 0.05 to define significance and report partial eta squared (npz) values for effect sizes.
We then performed four planned pairwise comparisons using a Bonferroni adjusted alpha
level for significance to correct for multiple testing (p=0.05/4 = 0.0125). First, we performed
two planned post-hoc paired-samples t-tests to determine the effect of muscle loading on the
AT moment arm (i.e., that at an identical ankle angle at heel-strike vs. during push-off) in
young and in older subjects. Second, we performed independent-samples t-tests to assess
aging effects on: (i) peak ankle moment and (ii) the AT moment arm at the instant of peak
ankle moment. Here, we report Cohen’s d effect sizes for each pairwise comparison. Finally,
we calculated correlation coefficients between the AT moment arm at the instant of peak
ankle moment and the peak ankle moment during push-off using data pooled from all
subjects.

In both older and young adults, the AT moment arm progressively increased through stance
phase (Fig. 2A), and did not vary strictly as a function of ankle joint angle (Fig. 2B). We did
not find a significant interaction between age and gait phase on the AT moment arm
(p=0.159, np2:0.103). However, the AT moment arms of older adults were 11% (i.e., 5.17
mm) smaller on average than young adults during walking (age main effect, p=0.016,
np2:0.330, Fig. 2A), an effect that remained significant even when controlling for subject
height as a covariate. Further, aging tended to attenuate the load-dependent increase in the
AT moment arm between heel-strike and push-off at the same ankle angle (interaction,
p=0.063, np2:0.212, Fig. 2B). Specifically, using a Bonferroni-adjusted level of
significance, we found a significant effect of muscle loading on the AT moment arm in
young (mean difference: 3.25+1.67 mm [i.e., +8%], p<0.001, d=1.95) but not in older adults
(mean difference: 1.65+1.61 mm, p=0.023, d=1.03) (Fig. 2B). Older adults also walked with
11% smaller peak ankle moments on average during push-off than young adults (young:
1.65£0.13 Nm/kg, older: 1.47+0.09 Nm/kg, p=0.005, d=1.59). Finally, AT moment arm at
the instant of peak ankle moment, a value that tended to be less in older than in young
subjects (young: 44.7+4.8 mm, older: 39.8+1.9 mm, p=0.017. d=1.34), significantly and
positively correlated with peak ankle moment during push-off (r2=0.38, p=0.008) (Fig. 3).

J Biomech. Author manuscript; available in PMC 2019 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rasske and Franz

Page 6

However, the load-dependent increase in the AT moment (i.e., that between heel-strike and
push-off at the same ankle angle) was independent of peak AT moment arm magnitude
(r?=0.08, p=0.260) and did not itself correlate with peak ankle moment during push-off
(r2=0.14, p=0.142).

Discussion

The net mechanical output from the propulsive plantarflexor muscles during the push-off
phase of walking decreases with advancing age (Winter et al., 1990). The mechanisms
governing these changes have largely remained elusive and are most certainly multifactorial.
However, prior evidence from isolated ankle rotations has suggested possible associations
between smaller AT moment arms and slower walking speeds in some older adults (Lee and
Piazza, 2012). Here we used /n vivo ultrasound imaging to estimate aging effects on the
Achilles tendon moment arm during walking and its association with decrements in the peak
ankle moment during push-off. As hypothesized, older adults exhibited significantly smaller
AT moment arms on average during walking than young adults. Aging also attenuated the
load-dependent increase in the AT moment arm during the stance phase of walking (i.e., that
between heel-strike and push-off at the same ankle angle). Indeed, only young adults
exhibited a significant increase in their AT moment arm due to triceps surae muscle-loading.
Finally, and also as hypothesized, we found that smaller AT moment arms correlated with
diminished peak ankle moments in older versus young adults. As we elaborate in more detail
below, we suspect that age-associated reductions in triceps surae muscle size, and
consequently muscle bulging during force generation, may underlie these functionally
relevant changes in musculoskeletal behavior during walking in older adults.

Although only moderately associated with larger reductions in muscle-force generating
capacity (Clark and Manini, 2012), aging does bring concomitant reductions in triceps surae
muscle mass (i.e., sarcopenia) and muscle volume. Cross-sectional comparisons between
older and young adults revealed, for example, 30%, 13%, and 16% reductions in medial
gastrocnemius, lateral gastrocnemius, and soleus muscle volumes, respectively (Csapo et al.,
2014). Moreover, indirect evidence using magnetic resonance imaging of the triceps brachii
suggests that muscle cross-sectional areas can systematically alter distal free tendon lines of
action and thereby increase muscle-tendon moment arms (Sugisaki et al., 2010; Sugisaki et
al., 2015). Although we did not measure muscle architecture in our study participants, we
suspect that the smaller AT moment arms in older adults arise at least in part from their
smaller triceps surae muscle cross-sectional areas compared to young adults.

Decrements in muscle size in older adults may also explain the smaller increase in their AT
moment arm with the rise in plantarflexor force generation during the stance phase
compared to young adults. Indeed, we previously proposed that muscle bulging during force
generation could contribute to load-dependent enhancement of the AT moment arm during
walking, at least in young adults (Rasske et al., 2017). This purported mechanism is in line
with prior measurements of the AT moment during isolated contractions. For example,
Hashizume et al. (2014) found significantly larger AT moment arms at 30% maximum
voluntary contraction than at rest at a given joint angle (Hashizume et al., 2014). Those
authors interpreted their results to suggest that muscle contraction yields a prominent
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posteromedial displacement of the line of action of the Achilles tendon force. Accordingly,
even for the same activation, older adults appear unable to take advantage of an increase in
the mechanical advantage of the triceps surae muscles via load-dependent enhancement of
the AT moment arm. We also note that there is an alternative, or perhaps related, explanation
for the diminished load-dependent enhancement of the AT moment arm during walking in
older adults. Holt et al. (2016) recently found that triceps surae muscle gearing (i.e., the ratio
of muscle shortening to fiber shortening), and thus fiber rotation, is lost in old age (Holt et
al., 2016). Accordingly, a smaller gear ratio in older triceps surae muscles could diminish
muscle bulging during force generation and thus restrict load-dependent changes in the AT
line of action during walking.

Finally, as hypothesized, we found that age-related reductions in peak plantarflexor moment
generated during push-off positively correlated with smaller moment arms in older adults.
These findings agree well with those of Baxter et al. (2014), who used magnetic resonance
imaging to reveal that both the AT moment arm and plantarflexor muscle volume correlated
with net plantarflexor moments during isolated contractions in young subjects (Baxter and
Piazza, 2014). In fact, those authors suggested that the AT moment arm is at least as
important as muscle size in governing ankle plantarflexion strength. The age-related
reduction in plantarflexor performance during walking has been implicated in governing
slower preferred walking speeds in older adults, which ultimately predicts their health and
independence (Hardy et al., 2007; Studenski et al., 2011). Here, our findings implicate
smaller AT moment arms, and thus diminished functional transmission of triceps surae
muscle forces, as functionally relevant in this biomechanical cascade of events independent
of changes in muscle strength. Indeed, our findings may help to explain previously reported
correlations between smaller AT moment arms and slower preferred speeds in slow walking
older adults (Lee and Piazza, 2012).

In addition to their functional relevance to age-related mobility impairment, our results also
have important implications for computational modeling and simulation of human
movement. Current musculoskeletal models assume kinematically-derived moment arms for
the gastrocnemius and soleus (Arnold et al., 2010), yet we continue to see a load-dependent
behavior in these architectural parameters during walking. Moreover, the present study
extends these observations to further reveal that this load-dependence is complex and age-
dependent, presumably governed by changes in muscle size and muscle bulging. Although
the functional implications have yet to be systematically explored, models without load-
dependent variations in muscle-tendon moment arms remain fundamentally incomplete. For
example, even when muscle volume and maximum moment-generating capacity are drawn
from the same subjects (Holzbaur et al., 2007a; Holzbaur et al., 2007b), models using these
data (Arnold et al., 2010; Saul et al., 2015) often require an artificially inflated peak muscle
stress (i.e., specific tension) of 50.8 N/cm?, well beyond physiological values (Close, 1972;
Erskine et al., 2011; Harber and Trappe, 2008; Lannergren and Westerblad, 1987), to resolve
architectural and kinetic information measured /n vivo. These limitations in model
development highlight our incomplete scientific understanding of the physiology of
moment-generation /n vivo with broad implications.
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We acknowledge several important limitations of our study. First, we estimated the ankle
joint center based on anatomical landmarks, an approach sensitive to marker placement
errors and which may simplify the ankle joint kinematics during locomotion. We note two
limitations related to our use of the transmalleolar midpoint to estimate the ankle joint
center. First, this estimate may differ from that identified using the finite helical axis during
ankle joint rotation (Lundberg et al., 1989). Siston et al. (2005) quantitatively compared
error magnitudes among five different anatomically-based methods (including the
transmalleolar midpoint) and two kinematically-derived methods (i.e., model fits to estimate
functional center of rotation) of determining the ankle joint center compared to reference,
ground truth data obtained from subject-specific MRI (Siston et al., 2005). Ultimately, those
authors concluded that their most accurate and sophisticated kinematically-derived model fit
was statistically equivalent in error magnitude to the anatomically-based approach we use
here. More specifically, error magnitudes ranged from 2-4 mm on average. Nevertheless,
second, an equally relevant consideration is that age-related changes to muscle force-
generating capacity and the stiffness of peri- and intra-articular ankle joint structures could
shift the finite helical axis of the ankle joint compared to young adults. Because these
methodological decisions could have affected our estimates of AT moment arm variations
and aging affects thereof, our outcomes and interpretations should thus be interpreted within
this context while motivating next logical steps in this line of research. As another potential
source of error, a single investigator manually identified the edges of the AT from cine B-
mode images. We quantitatively evaluated this limitation in our previously published work
and found that simulated manual tracking errors were more than four times smaller than the
average variation in the AT moment arm during walking (Rasske et al., 2017). Moreover, the
accuracy of our coordinate transformations, and thus the conversion of the tendon’s line of
action to 3D coordinates for co-registration, rests on the resolution of our motion capture
system to accurately estimate the positions of the probe tracking markers. We also did not
measure subjects’ gastrocnemius and soleus muscle size nor bulging during force
generation, which will be important to include in future mechanistic studies. Moreover, we
interpret changes in the AT moment arm has functionally meaningful in the context of
triceps surae mechanical advantage. However, these predictions come with certain
assumptions, for example that age-related changes to the input moment arm (i.e., the
distance between the center of pressure of the ground reaction force vector and the ankle
joint center) do not necessarily offset the reported changes in the Achilles tendon moment
arm. Finally, we report absolute magnitudes of the AT moment arm and its load dependence
during walking and did not normalize these values to subject anthropometrics. Previous
work has revealed little evidence that AT moment arms predictably scale to anthropometric
measurements (Waugh et al., 2011) or correlate to body height (Hashizume et al., 2014).
Indeed, as in these prior studies, we found no significant correlation between AT moment
arm and subject height (p=0.15).

In summary, our findings reveal that age-related reductions in peak ankle moment during
push-off are correlated with smaller AT moment arms in older adults measured /n vivo
during walking. Age-associated reductions in triceps surae muscle volume, and thus muscle
bulging during force generation, may underlie these changes. Our results provide a potential
biomechanical basis for earlier associations between AT moment arm and preferred speed in
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slow walking older adults (Lee and Piazza, 2012). In addition, we provide further evidence
of complex, load-dependent variations in the AT moment arm during walking that may be
relevant in governing triceps surae mechanical performance. Accordingly, strategies to
restore and/or improve locomotor performance in our aging population should consider
these functionally important changes in musculoskeletal behavior.
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Figure 1.
We used ultrasound imaging and quantitative motion capture to estimate instantaneous

variations in the AT moment arm in young and older subjects during treadmill walking at
1.25 m/s. In a pre-calibration session prior to human subjects testing, we used previously
established techniques (Franz et al., 2015; Franz and Thelen, 2015; Rasske et al., 2017) and
an instrumented wand to digitize three points on the face of the transducer and used those
three points to establish the “probe-centered” coordinate system shown (x,y,z). Those three
points were selected to identify the boundary elements of the linear array transducer (and
thus of the edges of the ultrasound imaging) and a line orthogonal to that image.
Accordingly, we established the transformation between ultrasound image coordinates and
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the coordinate system defined by reference markers placed on the custom orthotic securing
the transducer (x’,y’,z’). Subsequent to this pre-calibration, those reference markers were
never removed from the orthotic over the course of the study and remained identical for
young and older subjects. We used this precalibration to transform the ultrasound, orthotic,
and motion capture kinematics from walking trials into a common, “orthotic-centered”
reference frame. Finally, we estimated the instantaneous AT moment arm over the gait cycle
as the perpendicular distance from AT midline to the ankle joint center. Using motion
capture, we estimated the right ankle “joint center” during walking using the transmalleolar
midpoint.
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Figure 2.
A: Group mean (standard error) AT moment arm over an average gait cycle for young and

older adults. B: Group mean AT moment arm versus ankle joint angle for young and older
adults. Asterisks (*) indicate an effect of muscle loading on the AT moment arm, significant
only for young subjects using a Bonferroni-adjusted level of significance (i.e., p<0.0125).
Specifically, we assessed load dependence via pairwise comparisons between the AT
moment arm: (i) at heel-strike, an instant of relatively negligible load on the Achilles tendon,
and (ii) at the instant the ankle passed through the same ankle angle during push-off.
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A: AT moment arm at the instant of the peak ankle moment positively and significantly
correlated with peak ankle moment generation during the push-off phase of walking. B:

Group mean (standard deviation) AT moment arm at the instant of peak ankle moment in

p=0.005
d=1.59

Old Young

young and older subjects. C: Group mean (standard deviation) peak ankle moment in young
and older subjects. Asterisk (*) indicates statistical significance using a Bonferonni-adjusted

alpha level of 0.0125.
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